Integrative studies are needed as the response to mounting environmental challenges. The new discipline -hydropedology -has been defined as an intertwined branch of soil science and hydrology that encompasses the multiscale basis and applied research of interactive and hydrologic processes and their properties in the unsaturated zone. This review focuses on the relationship between soil structure and soil hydraulic functions at different scales, which is the distinct focus of hydropedology that makes it a desirable development for its parent disciplines. Status and perspectives are reviewed for revealing relationships between hydrologic functions of soils and soil structure at the aggregate/ped scale, the horizon/pedon scale, the field/hillslope scale and the watershed/basin scale. Transcending scales can be achieved by acknowledging that relationships between soil structure and hydrologic functioning at a particular scale are controlled by such relationships at a finer scale and greatly influenced by those at a coarser scale. Addressing soil hydrologic functioning at societally important scales can be achieved by applying data fusion, pedotransfer relationships, and concurrent use of models. Hydropedology emerges as the logical consequence of the progress in science and as the timely response to society's needs.
Introduction
Water and soil are vital for life on Earth in general, and for humankind in particular. Soil and water were always perceived and used together, but their sciences were somewhat separated. There is a thrust to bring the science of soil and science of water closer by establishing a new discipline -hydropedology.
Hydropedology is young. The term 'hydropedology' was introduced by Michael Bonell [1] . The promise of hydropedology is to bridge disciplines, scales, and data in pedology, soil physics and hydrology [2] . This review will review answers to 'why,' 'what', and 'how' questions pertaining to this promise.
Why hydropedology?
The variably saturated zone or vadose zone is a substantial part of the critical zone, defined by the US National Research Council's Committee on Basic Research Opportunities in the Earth Sciences [3] as the external surface of the Earth extending from the outer limits of vegetation down to and including the zone of groundwater. The critical zone sustains most terrestrial life on the planet [4] . Retention and flow of water in the vadose zone directly or indirectly affects all processes in the critical zone, and therefore understanding the hydrology of this zone becomes imperative to foresee the changes that every living organism on Earth will encounter in the future.
The vadose zone, especially the plant root zone, has long been a focus for soil scientists and others concerned with soil water flow and the fate and transport of nutrients and agricultural contaminants. Interest in the vadose zone has broadened considerably in recent years. For example, many industrial, municipal and engineering activities are known to impact the vadose zone. Since many subsurface pollution problems stem from activities at or near the soil surface, effective management of the vadose zone offers the best opportunities for preventing, limiting, or remediating soil and groundwater pollution. Once groundwater is polluted, control and management of contaminants becomes much more difficult and costly [5] .
An intrinsic property of hydrological processes in the vadose zone is their stunning complexity. It originates from the highly heterogeneous and often hierarchically organized space in which soil water resides and moves. It is recognized that the subsurface is highly heterogeneous and very difficult to characterize [6] . The heterogeneity manifests itself at various spatial scales at which soils, sediments and fractured rocks are observed. Figure 1 shows typical examples of void spaces and structural organization observed at the aggregate/ped scale, the horizon/pedon scale and the field/hillslope scale. The finescale heterogeneities that provide preferential flow pathways, control hydrologic behaviour at coarser scales. As these heterogeneities are rare, they are extremely difficult to observe, enumerate and characterize. It is currently impractical to pinpoint locations and properties of those heterogeneities at specific sites at societally important scales [7] .
One conceptual direction to overcome this difficulty is to assume that the preferential flow pathways and preferential water storage locations are a part of spatial void structure that can be characterized in some general terms (e.g. statistical) to the extent that the coarse-scale water flow and water retention properties can be inferred from structure observations without precise knowledge of locations and geometry of highly conductive and mostly retentive voids. Under this assumption, bringing structural information in hydrologic studies promises substantial benefits. In turn, soil studies will undoubtedly be enriched by recognizing and quantifying different hydrologic conditions in different structural units of soil or soil cover [8] .
The mounting challenges in soil and water resources demand a concerted scientific effort to predict and mitigate unfavourable hydrologic changes. Hydropedology is evolving as one of the responses to those challenges. In the USA, for example, the National Research Council (NRC) has highlighted the significance of integrated soil and water studies in the context of agriculture [9] , groundwater vulnerability [10] , watershed management [6] , earth sciences [11] , water resources [12] and environmental sciences [13] . The emergence of hydropedology addresses the need in pooling together the expert knowledge, information resources and experimental techniques from various disciplines deeply involved in understanding the Earth's critical zone [14] .
What is Hydropedology?
Hydropedology has been defined as 'an intertwined branch of soil science and hydrology that encompasses multiscale basis and applied research of interactive and hydrologic processes and their properties in the Figure 1 Heterogeneous structural organization of soils at different scales: (a) pore space of brown forest soil reconstructed from synchrotron X-ray computed tomography ( [58] , with permission), (b) pore space of the Taylor silt loam topsoil reconstructed from X-ray computed tomography (courtesy F. San Jose Martinez), (c) soil profile of the Hinckley gravelly sandy loam (http://nesoil.com/index.html, with permission), and (d) subsurface preferential flow pathways in the shallow variably saturated zone at the USDA OPE3 research site (courtesy T. Gish) unsaturated zone' [2] . Kutilek and Nielsen [15] proposed that 'combination of soil physical theories with theories of soil genesis and the related observations results in formation of the subject of hydropedology'. Similar to hydrogeology, which addresses water flow and storage in the saturated zone, hydropedology focuses on water flow and storage in the unsaturated zone. Similarly to hydrogeology, hydropedology is destined to be defined in multiple ways. In the opinion of these reviewers, is the distinct focus of hydropedology that sets it apart from and makes it a desirable development for parent disciplines is the relationship between soil structure and soil hydraulic functions at different scales. The mission of hydropedology is then to contribute to understanding, evaluation, prediction, and management of soil ecological services and functions, industrial use of soils, and soil sustainability by combining and expanding the knowledge about soil structure and soil hydrologic functioning. Soils have extremely heterogeneous and complex structure that is relatively easily accessible for direct observations as compared with the structure of sediments or fractured bedrock beneath them. In spite of the young age of soil science, systematic descriptive studies of structure of soils have an almost 70-year history. Nikiforoff [16] in his seminal work introduced the system of describing soil structure at the horizon scale description that, with modifications, is used all over the world. Characterization of fine-scale soil structures in soil micromorphology, as well as coarse-scale structures in soil cover saw important advances in the twentieth century. However, studies of soil structure in most cases have not been coupled with quantitative hydrological characterization of soil ability to retain and transmit water, to supply water oxygen, and nutrients to plants and soil biota, and to provide groundwater recharge and decontamination of infiltrating water. This has traditionally been delegated to soil physicists and hydrologists. In turn, multiple effects of hydrologic regimes on void structure and temporal changes in that structure were rarely addressed in pedological studies. This led to the introduction of ad hoc effective parameters that appeared to be dependent on flow regimes to the extent of ceasing to be true parameters of soils. The separation along the disciplinary lines is characteristic not only for soil hydrology but also for the vadose zone hydrology as a whole [5] .
Hydropedology is truly multidisciplinary [15] . Existence and evolution of structure in soils are affected by multiple chemical, biological and management processes that cannot be understood without participation of earth scientists, such as geochemists, biologists, ecologists, agronomists, geographers and meteorologists. Similarly, water flow, retention and composition in soil void space are affected by processes addressed by the range of earth and environmental sciences.
Thus, hydropedological studies are benefiting from participation of multiple disciplines.
The notion of scale is central for developments in hydropedology. At each scale, soil structure is defined by spatial arrangement and geometric properties of distinct units. At the aggregate/ped scale, soil structure is defined by the spatial arrangement and geometric properties of soil primary particles. At the horizon/pedon scale, soil structure is defined by the spatial arrangement and geometric properties of aggregates and/or peds. At the field/hillslope scale, the object of characterization is the structure of soil cover, which is defined by the spatial arrangement of soil horizons and/or pedons. Similarly, at the watershed scale, structure of soil cover is defined by the spatial arrangement of soil associations and parent material.
Different methods of soil structure characterization are accepted at different scales [17] . At the aggregate scale, the most comprehensive view on soil structure is inferred from microphotographs and computer tomography (CT) scans (Figure 1a) . At the horizon/pedon scale, CT remains a valuable tool (Figure 1b ), but descriptions of soil peds in terms of their size, shape, grade, orientation, as well as structural stability, remain the main source of information on soil structure at this scale (Figure 1c ). At the field/ hillslope and the watershed/basin scales, structure of soil cover is defined by the differences in soil layering, soil parent material or substrate, properties and position of low permeability layers that are inferred from soil profile excavations and drill cores or surveys with geophysical and remote sensing techniques (Figure 1d ).
The architecture of pore systems is of paramount importance at the aggregate/ped and the horizon/pedon scales. Although these scales are naturally related, very few investigations have integrated them [18, 19] . A significant amount of information on shape and size of soil pores is available [20, 21] . Several authors reported relationships between aggregate type and pore sizes [22] , pore shapes [23, 24] and pore tortuosity [25, 26] .
Different soil hydrologic functions are recognized at different scales. At the aggregate/ped scale, one of soil's hydrologic functions is to provide water and nutrients to roots, and provide habitable space to micro-organisms. Providing plants with water and drainage to prevent waterlogging and soil erosion is the soil hydrologic function that is of main concern at the soil horizon/pedon scale. At the field scale, important soil hydrologic functions are to provide groundwater recharge, water to streams, and to filter surface water from chemicals and particulates. The parameters defining hydrologic functioning are also a function of scale. Whereas unsaturated hydraulic conductivity and solute diffusivity are essential parameters at the aggregate/ped scale, saturated hydraulic conductivity and field water capacity are commonly utilized at the horizon or pedon scale, and recharge fraction and surface runoff fraction are of the common interest at the field or the watershed scale.
One promise of hydropedology is to develop a conceptual and quantitative match between structure and function descriptions at each of the recognized scales. Yet another promise is to bridge the scales, i.e. to utilize the information about structure and function obtained at finer scales to predict hydrologic functioning and structural parameters at coarser scales, or to use information from coarser scale to enrich knowledge about structure and function at finer scales. Some existing lines of research aimed to fulfil these promises are reviewed in the next sections.
Hydropedology at Different Scales
Many applications require knowledge about moisture content and water flow in soil volumes that are too large or too small for direct measurements. Discrepancies between scales at which soil water content and flow data are needed and at which they are available lead to the need to characterize scale effects on soil moisture and soil hydraulic properties. Definitions of scales in hydrology and in soil science do not coincide [27, 28] . Besides, pedology and hydrology may operate with different mapping scales at the same area or region. Nevertheless, differences in scales are reconcilable and the problem of relating soil structure and soil hydraulic functioning at different scale can be posed for the same spatial units.
Aggregate/Ped Scale
The original physical property characterizing soil structure has been the soil-moisture retention curve [29] , which is a functional relationship between the amount of water retained in soil pores and the capillary pressure at the air-water interfaces. A very similar characteristic of structure is the mercury porosimetry curve, which is a graphical representation of the relationship between the total volume of emptied pores to the capillary pressure at the menisci in finest pores that still hold water at this pressure.
The water retention property is related to the soils ability to conduct water and redistribute solutes in the void space by geometrical models of the void space that reflect connections between pores and tortuosity of conducting pores. The leading hydraulic parameter in current models of flow in unsaturated soils is the unsaturated hydraulic conductivity (Kunsat). The first model to derive Kunsat from the soil-moisture retention curve was the no-connection capillary bundle model, which in some cases provide reasonable predictions, and then the model of randomly connected capillaries [30] . The next successful geometric model of pore space structure was the fractal model that correctly reflected the empirical fact that smaller soil pores are much more numerous and much more tortuous than larger pores. Water retention and Kunsat, as well as the solute and oxygen diffusion in the saturated soil could be related to geometric parameters extracted from the soil-moisture retention curve [31] [32] [33] [34] [35] [36] [37] . It was eventually recognized that fractals should not be considered as an ultimate model of heterogeneity in the soil system. Rather they provide a balance between accuracy and clarity that may aid us in gaining insight into sources and results of the observed soil complexity [38] . As reports about deviations of the fractal scaling in soil pore space accumulated, more empirical approaches were tested that stochastically related sizes of neighbouring pores using Markov chains or conditional probability distributions (e.g. [39] ). Percolation theory was recently proposed as a means to relate hydraulic properties of soils to structural properties associated with pore connectivity [40] .
An area of growing interest is the study of interactions between the soil physical environment and root architecture [41] and more recently microbial ecology [42] [43] [44] [45] . The incorporation of a biological component in the formulation of geometrical models of soil pores is relatively new [46, 47] and observations are needed to elucidate the mechanisms involved [45] . The interplay between micro-organisms and soil structure could eventually be used to explain phenomena such as spatial distribution of hydraulic properties in the rhizosphere [48] , the n-modal pore size distribution found in structured soils [15, 49] and the development of hydrophobicity as a result of increased biological activity [50] . Hydropedology is likely to have an important role in the development of a new generation of models of hydraulic properties coupled with microbial dynamics by contributing with observations [49] and with sophisticated models of soil pore geometries [39, 51, 52] .
Direct pore morphometry produced the most convincing evidence of possibilities to relate soil structure and soil hydraulic functions. The pioneer work of Bouma and Hole [53] indicated that combining hydraulic principles with information on pore shapes and sizes obtained from soil sections could result in realistic estimates of Ksat (saturated hydraulic conductivity). A series of works by Bouma and co-authors, beginning with Bouma and Anderson [54] , have substantiated this thesis. Pagliai et al. [55] have expanded the concept and reported on the effect of soil management on pore shapes and sizes and the resulting Ksat.
Recently, direct void morphometry with CT confirmed the control of void structure over hydraulic properties [56] . The revolution introduced by CT to the visualization in soil pore space has changed the way soil pore structure and soil hydraulic functioning are studied and related. In particular, it became possible to visualize essential functioning in providing water and chemicals to plant roots [57] , and to identify the locations of micro-organism colonies and their environmental conditions in terms of water, solute and gas accessibility [58] . The wealth of information about soil structure from CT poses a challenge when one tries to relate it to hydraulic functions of soils. Quantitative morphology of pore networks http://www.cababstractsplus.org/cabreviews provides a number of parameters suitable for that purpose [59, 60] . Although it may be possible to correlate these parameters with observed hydraulic properties, simulating flow and transport in the observed networks present a much more straightforward way to relate the observed structure to hydraulic functions. Described with a reasonable level of detail, the pore network is a very complex domain, and traditional methods of assessing numerical solution of flow and transport equations cease to be feasible. However, recent developments in applying Lattice Boltzman simulations allow one to overcome this difficulty, and to infer the flow and transport parameters from the computed tomography data [56, 61] .
The feedback between soil structure and hydrologic functions are well pronounced and readily observed at the ped/aggregate scale. Soil pore structure changes as the change in water contents occurs. The CT technique opens unbounded opportunities to observe and model such feedback [62] .
Horizon/Pedon scale
Common field soil descriptions provide characterization of the structural arrangement of solids rather than voids ( Figure 2 ). Descriptions of structure of solids and structure of pore space are complementary but far from being directly correlated. Nevertheless, the value of the information contained in visual descriptions of soil structure was recognized by researchers who used qualitative information of type, size and grade of soil structure to predict soil hydraulic properties [63] [64] [65] [66] [67] or to evaluate the structural condition of tilled layers and the effect on water movement by mapping pre-defined types of soil clods [68, 69] . Useful regional and nationwide inferences have been reported and widely used. After examination of 271 soil horizons beneath topsoil in two US regions, O'Neal [70, 71] suggested a set of field clues that could serve as the keys to place soil horizon into one of the seven permeability classes. The principal clues were relative dimensions of structural aggregates, amount and direction of the aggregate overlap, number of visible pores and texture. McKeague et al. [72] developed guidelines to relate the saturated hydraulic conductivity (Ksat) to major structural indices: including structure grade, aggregate shapes, abundance of pores larger than 2 mm, and texture for soils, in the Ottawa region. Successful predictions of the horizontal Ksat from field morphology were later derived for the same region [73] . Lilly [65] used a large Scottish database to show that the ped size and the ped orientation can explain substantial differences in soil Ksat.
Recent works indicate that substantial improvement in Ksat estimates can be achieved by combining void morphometry with structural parameters and descriptors of the soil-solid phase [74] . Direct morphometry is substantially enhanced by image analysis, especially if the morphometry is applied to dye studies. Current progress in computerized image analysis applied to soil surfaces and efforts to develop a protocol of obtaining such images [75, 76] has the potential to advance the morphometric component of soil structure characterization at the horizon/pedon scale.
McKenzie and Jacquier [63] demonstrated the value of measuring the visible channel morphology along with data on texture and structure to derive useful predictions of Ksat for soil horizons in south-eastern Australia. Lin et al. [64] applied an approach based on (a) ranking types of five major soil morphological features (texture, initial moisture, pedality, macroporosity and root density) by the effect of a particular type on saturated hydraulic conductivity, and (b) assigning weights to each rank. Using the weights led to successful predictions of saturated and near-saturated hydraulic conductivity for a dataset from Texas. Griffiths et al. [77] found that the void morphometry should be complemented with soil consistency measurements to understand the relationship between soil structure and hydrology estimates by providing estimates of the Ksat range along with the mean Ksat values for New Zealand soils. Using pore sizes as described in the soil profile was especially valuable in surface horizons [78, 79] .
The air-filled porosity or the air capacity, the field capacity, or the water-holding capacity, and the available water content are other essential parameters characterizing hydrological functioning of soil at the horizon-pedon scale. There is a lingering debate on the definition of those values. For example, one common definition of the field capacity is an operational one, when it is defined as the soil water content after one or two days of drainage after complete saturation [80] . Other definition is the soil water content at a specified soil matric potential. Using a particular definition, researchers observed stable relationships between soil structure descriptors and water retention properties. A set of guidelines that related available water content and air-filled porosity to soil structure and texture was reported by McKeague [81] for the Ottawa region in Canada. Using only structural descriptors of soil solid phase provided comprehensible but inaccurate information about soil water retention [82] .
Complex interactions between variables are encountered when relationships are sought between hydraulic parameters at the horizon/ped scale and structural parameters. McKenzie and Jacquier [63] indicated that the nature of this relationship is non-linear and conditional, and recommended regression trees as a suitable tool. Rawls and Pachepsky [82] confirmed the advantages of using regression trees to discover relationships between soil structural descriptors and hydraulic properties. Use of other data mining tools can be beneficial [83, 84] .
The interregional transferability of the established relationships between soil structure and hydraulic properties at the horizon/pedon scale remains hampered by the distinct differences in methods used to measure soil hydraulic parameters by different authors. For example, field capacity is defined as soil water content at matric potential of -33 kPa on USA [80] , at 75 kPa in Canada, England and Wales [81, 85] , at -10 kPa in Australia [86] , etc. Similarly, quite different structure characterization methods are used in soil surveys of different countries. In the absence of standardization, quantitative expression of relationships between structure and function in soil hydrology remains limited to regions.
Multiple feedbacks between climate-and land usecontrolled soil hydrologic functioning and soil structure have been documented [85] . O'Neal [71] indicated that climate controls are very important when soil structure and Ksat are juxtaposed. Lilly [65] noted that soils with similar clay contents and types may develop different soil structures depending on the magnitude and frequency of the soil moisture deficit experienced. McKeague and Topp [87] stressed that reliable estimates of Ksat from soil morphology in near surface layers are subject to landuse-based recalibrations.
The substantial theoretical and applied value of the knowledge of soil structure changes as a response to changes in hydrologic functioning represents an important field for hydropedologic studies.
Soil water repellency is an intriguing phenomenon that requires hydropedological analysis at this scale. Its origin by the accumulation of long-chained organic compounds on or between soil particles is now widely accepted, but understanding of their exact chemical composition and means of attachment to particle surfaces remains incomplete [88] . Soil water repellency is an excellent example of the need to involve biotic and biogeochemical research in hydropedologic interpretations [89] [90] [91] . Traditional hydraulic parameterization of soil hydrologic functioning is not applicable in water-repellent soils [92] , and it remains to be developed for field soils. Processes and required conditions for the changes from hydrophobic to hydrophilic and vice versa remain to be elucidated although it seems to be evident that these effects in turn are influenced by variables such as the frequency and effectiveness of flow pathways through hydrophobic layers as well as their position and transitory behaviour [88] .
Field/Hillslope Scale
A detailed conceptualization of the relationships between soil structure and hydrologic functioning at this scale was proposed by Lin et al. [93] [94] [95] . Their model (Figure 3) shows four main flow pathways downslope, i.e. subsurface macropore flow, subsurface lateral flow at A-B horizon interface, return flow at footslope and toeslope, and flow at the soil-bedrock interface. The authors indicate that all four pathways are represented by a preferential flow channels rather than sheet flow often assumed in many hydrological models. Examples of conceptualization of the preferential flow at this scale have been recently given by Sidle [96] for a forested watershed, and Gish et al. [97] for an agricultural field with shallow groundwater. Preferential flow along each of pathways is viewed as a flow via network connecting a series of nodes of connectivity that can be conditioned by different levels of antecedent soil moistures. In spite of the progress in developing conceptual understanding of relationship between soil structure and hydrologic functioning, quantitative relationships between the two have not been developed, and currently present one of the important challenges to hydropedology. More information about the subsurface flow networks is needed to address this issue. Promising theoretical frameworks, e.g. constructal theory [98] , are currently being developed.
Chemical transport through soil was related to the horizonation, the presence of argillic horizons, and to pedality [99] . One of the conclusions of this work was that while we recognize the importance of primary, secondary and tertiary structural units in water and solute transport, we do not know how to describe these units in a manner that would be useful for modelling transport. This conclusion still holds after 15 years and presents both a challenge and an opportunity for hydropedological research.
Expanses of soil horizons with particular hydrologic properties, such as fragipans, gley horizons, clay lenses in alluvial deposits, buried soils, etc., often appear to be hydrologically important structural units at this scale [100] . Some of these horizons tend to demonstrate redox features that reveal flow regimes that would be very difficult to document with soil physical or hydrological techniques. Examples are moisture regimes in soils with periodic 'perched' water tables on top of slowly permeable subsurface soil horizons, where occurrence of characteristic grey reduction and iron oxidation patterns can provide important clues about flow patterns throughout the year [101] . These horizons present vivid demonstrations of the feedback that soil structure and soil morphology can receive from hydrologic functioning.
The important feedbacks from hydrologic functioning to structure at this scale are demonstrated by soil-landscape relationships. These feedbacks were expressed in spatial context by the possibilities of delineating landscape units along the hillslope in which distinct sets of hydrological and pedological processes occur (e.g. [102] ). The extension of the catena concept to the 3D solum at the hillslope scale using hydrological algorithms may provide important keys to the differences in soil structure within this solum. Another important feedback is soil erosion that awaits its hydropedological analysis.
Watershed/Basin Scale
A central issue at this scale is the selection of structural and functional parameters. Boorman et al. [103] and Lilly et al. [104] selected the base flow index (BFI) which is the volume of baseflow as a fraction of the total flow volume. The authors distinguished 11 conceptual models of soil hydrologic responses relevant to soil function of providing water to streams. The parameters to distinguish between the structures were presence of the surface organic horizon, presence and position of the gley layer, presence and position of the slowly permeable layer and integrated soil air capacity (Figure 4) . Soil parent materials were also classified according to their consolidation degree, macroporosity and the presence of preferential flow Table 1) . The values in Table 1 have to be multiplied by proportions of each of type in soil cover structure of the watershed to obtain the BFI for the watershed. It appeared that this procedure was sufficient to estimate the baseflow in ungauged watersheds with R 2 of 0.79. The prediction of fast response runoff (Standard Percentage Runoff) was also determined for each of the 29 distinct soil hydrological types.
Soil morphology was suggested to be beneficial data source for estimating groundwater vulnerability already in the 1960s [105] . Recent developments in this direction include expressing the complex structure-function relationships with the means of data mining techniques and GIS technology [106, 107] .
Soil-landscape relationships can play substantial role at the watershed scale in part because soil maps become relatively coarse at this scale. Bryant et al. [108] noted that if minor areas of importance in controlling runoff processes are known, the hydrologic modelling units can be defined to represent them. The soil-landscape relationships expressed in the spatial context will present an important diagnostics of potential and actual occurrence of such relatively small areas of great importance.
Transcending Scales
Scales are defined in qualitative terms both in hydrology and in pedology. The scale change brings the change both in soil structure characterization and soil functional hydraulic parameters. Each scale encompasses one to two order of magnitude differences in support size. Within this range, dependencies of surface and subsurface hydrologic parameters on the support size were documented and related to the presence of the hierarchy in structural organization of the void space or surface flow pathways [109, 110] . A similar hierarchy in configurations of subsurface flow pathways was inferred from ground penetration radar data [97] . Fractal geometry in soil physics and network theory in surface hydrology were instrumental in modelling such scale dependence. Still little is known about the anisotropy in such scaling that may be important at coarser scales.
A methodology of transcending soil and hydrologic scales was recently proposed by Vogel and Roth [111] . This methodology, termed 'scaleway' (Figure 5 ), recognizes that both soil structure and soil hydrologic functional parameters demonstrate hierarchy of organization. The scaleway is based on the assumptions that (a) structural units at the scale of interest are directly observable and distinct, (b) structural units are associated with specific material properties that govern flow and transport, and (c) the material properties controlling flow and transport within structural units can be computed using stochastic representation of the finer scale structure within the structural units with the appropriate flow and transport model of the fine scale. A similar methodology has been proposed for geological media [112] . Such constructs concur with the recent analysis of scale dependencies in hydraulic properties of saturated geologic media [113] . They indicate that scale dependencies are captured upon considering log permeability to form an overlapping hierarchy of statistically homogeneous random fields, or modes, having a variance that increases as a power of spatial correlation scale. The concept is consistent with a more intuitive representation of spatial variability in which space is filled by a discrete number of juxtaposed (mutually exclusive) materials or categories (such as geologic facies or soil types), each having its own architecture (spatial arrangement) and attributes (such as permeability or porosity). In variably saturated media, a separate model of the flow and transport between solid structural units may need to be added to obtain the full phenomenology at the scale of interest. Testing and development of this methodology presents an exciting avenue for hydropedology. Observations have accumulated which show that some pathways between soil solid structural units are activated or not depending both on current status and on the history of water flow. In many cases this happens because soil solid structural units are dynamic at all scales, and structure of the void space is not static. Introducing the dynamic element in the scaleway becomes very important. Because the scaleway is based on the observable structural units, it would be important to predict structural units at the horizon/pedon scale and the field/hillslope scale from observation of structure and material properties at finer scales. Pedology has the wealth of concepts and empirical information about the relationship between soil texture, clay mineralogy, the type of vegetation, topography and climate, on one hand, and structure of soil and soil cover, on the other hand. Quantitative representation of this information can be considered as upscaling of soil structure, which then becomes a useful component of predicting functional parameters of soil hydrology. The work of Levine et al. [114] serves as an example of the potential of this approach. They used information in the Soil Survey Characterization database and neural network to predict structure type (granular, blocky and massive) from silt, clay and organic carbon content for Ustoll soils.
An explicit acknowledgement of the presence of distinct structural units does not contradict applications of geostatistics which may be very appropriate to simulate the spatial variability within the structural units and uncover spatial arrangement of these units [115] . Hydropedology concerned with variably saturated soils and sediments may benefit from (and contribute to) developments in hydrogeology, where there have been a growing number of attempts to integrate knowledge of sedimentology into geostatistical models of spatial variability [113, 116] .
Both soil structure and soil hydrologic functions are dynamic. Multiple chemical, biological and anthropogenic factors and agents affect these dynamics and, in turn, are depending on them. The feedback between structure and hydrologic function also appears to be dynamic. This dynamic and its controls are generally acknowledged, but the scientific knowledge is sparse. The recent research trend is to understand the underlying mechanisms of this dynamic to enable forecasting and controlling it. Proper selection of temporal scales to characterize the . At each scale, we observe structural units distinguished by their texture which is associated with a set of material properties. The structure of material properties together with an appropriate process model are necessary but sufficient ingredients to calculate the full phenomenology at the next larger scale and effective material properties at this larger scale (from [111] , with permission) hydropedologic dynamics becomes critical, and the correspondence between spatial and temporal scales established in hydrology [28] presents an excellent starting point.
Combining Data and Models

Indirect Measurements and Data Fusion to Reveal Soil Structure and Hydrologic Functioning
Use of geophysical, biophysical and remote sensing methods as proxy variables to obtain information about the subsurface structure has been actively advocated. Both site-specific and regional relationships between topographic variables and soil structure indices were amply demonstrated [117, 118] . The ground penetrating radar, or GPR, measurements were recommended to identify soil structural units [111] . Gish et al. [97, 119] demonstrated the utility of GPR to infer the topography of the shallow subsurface restrictive layer, and to delineate subsurface preferential lateral flow pathways. Yield maps were used by Timlin et al. [120] to infer waterholding capacity of field soil by inverting the crop model. Soil electrical conductivity measured using electromagnetic (EM) induction was related to depth to fragipans and bedrock, and to location of soil horizons with contrasting properties [121, 122] . Electrical resistivity measurements were found useful in identifying areas of excessive compaction or soil horizon thickness and bedrock depth, and in assessing the soil hydrological properties [123, 124] . Acoustic measurements were useful for inferring the soil air porosity [125] and to estimate soil permeability [126] .
None of the indirect measurements reflects a single soil property. For example, the EM data are known to reflect soil texture, organic matter, drainage conditions, salinity and other soil properties [127] . However, data from the different types of indirect measurements do not necessarily correlate with each other, and this implies that combining, or 'fusing', data from several indirect measurements can be useful to delineate and characterize subsurface structural units [18, 128] . Data fusion techniques are becoming very popular in subsurface structure studies. Liu et al.
[129] combined the topographic variables with the remote sensing (synthetic aperture radar) data and soil ECa datasets, and substantially improved soil drainage mapping. Combination of acoustic and seismic measurements improved the estimation of soil horizon depths [130] . Gish et al. [131] fused ground penetration radar data and multiyear yield map data to confirm locations of shallow subsurface preferential flow pathways. Because of the inherent relationship between structural and hydrologic parameters, the data fusion can benefit from simultaneous evaluation of structural and hydrologic parameters from the combined data set of hydrologic and high-resolution geophysical data. Such data fusion was demonstrated with the GPR imaging via boreholes and neutron probe measurement of soil water contents [132] . Combining borehole geophysical tomography with the geophysical tomography from soil surface will be a helpful example of data fusion. The role of remote sensing needs to be understood better. Although good examples of discriminating soils with different mineralogy using hyperspectral images have been documented (i.e. [133] ), future fusion of remote sensing and biophysical data may advance remote sensing applications. At the watershed scale, structural units could be identified by fusing data on topography, climate and vegetation [134] .
Whereas geophysical sensing presents an active way of uncovering soil structures, the passive approach based on monitoring soil water contents in several (many) locations in the field has been instrumental in showing the presence of different structural units in soil cover across fields. When a field or a small watershed is repeatedly surveyed for soil water content, locations can be often identified where soil is either consistently wetter or consistently dryer than the study area average. This phenomenon has been called time stability or temporal stability [135] , temporal persistence [136] , or rank stability [137] in spatial patterns of the soil water contents or soil water fluxes. The temporal stability often causes time series of soil water contents at different locations to have similar shapes while being offset from each other. Although a mechanistic explanation of this manifestation of the temporal stability in spatial soil water patterns has never been given, its presence has been routinely observed in different regions across the globe, e.g. Australia [138] , USA [93-95, 139, 140] , Brazil [141] , Spain [142] , Canada [143] and Italy [144] , etc. The temporal stability manifests the presence of different structural units within soil cover of the study area. Spatial patterns of moisture-affected soil properties have also demonstrated temporal stability [145, 146] , a feature that was further used to explain spatial variability in crop yield [147] [148] [149] .
Several contentious questions about the temporal stability in soil water patterns require more insight. Currently, it is not known how the frequency of soil moisture measurements affects the selection of the period to establish the patterns. No conclusive results have been obtained on how to identify the 'best' locations for the purpose of uncovering structure in the soil cover. The suggestion to use the hydrogeophysical surveys for initial zonation needs to be further tested. Differences in soil horizon thickness, topography, shallow ground water, can cause dissimilarity in time series of soil water contents at different locations [150] . Several studies indicate that temporal stability of soil water patterns may be affected by the type of soil water sensor used. Kirda and Reichardt [141] found that spatial patterns in soil water demonstrated temporal stability when measured with neutron probes, but not when tensiometers or gypsum blocks had been used. These authors hypothesized that the soil water sensor has to average over a sufficient soil volume to uncover temporal stability, but this hypothesis needs to be further tested [151] . Nanotechnology-based devices, which have matured in recent years, represent an innovative solution to current monitoring techniques, leading to wireless, inexpensive, durable, compact, and high-density information collection, processing and storage devices. Nanotechnology-based MicroElectroMechanical Systems (MEMS) refer to a collection of micro-and nano-sensors and actuators, which can both, sense its environment and have the ability to react to changes in that environment with the use of a microcircuit control. In addition to the conventional microelectronics packaging, they include integrated antenna structures for command signals into MEMS for desired sensing and actuating functions. First results of using MEMS to monitor soil moisture and temperature are encouraging [152] .
Pedotransfer
Parameters of soil hydrologic functioning are notorious for the difficulties and high-labour costs involved in measuring them. And yet, modelling in a wide range of scales, from general circulation models to the fine scale precision agriculture decision support, requires information on hydrological parameters. Statistical regression equations expressing relationships between soil basic properties and hydrologic parameters are often called 'pedotransfer functions', or PTFs [153] . The use of more sophisticated tools, such as artificial neural networks [154] or regression trees [82] , etc., does not negate the statistical nature of PTFs. Several reviews on PTF development and use have been published (e.g. [155] [156] [157] [158] [159] ). Recently the firstof-a-kind book was published [160] that encompasses the international experience in the field. Large databases, such as UNSODA [161, 162] , HYPRES [163] , WISE [164] and NRCS National Soil Information System [165] were established and used for the purposes of PTF development.
Pedotransfer research is a fast-developing field driven by the high demand in hydraulic and related parameters in environmental modelling. Recently, the volume of PTF applications increased due to developments in GIS-based regional modelling. Relying on PTFs presumes a level of PTF accuracy and reliability sufficient to obtain acceptable uncertainty in modelling results. As many PTFs have been developed and are under development, the users face the problem of PTF selection. The accuracy of a PTF outside the region of its development is essentially unknown because of their pure statistical nature. In some cases, PTFs developed from regional databases give good results in regions with similar soil and landscape history. Water retention PTFs developed in Belgium [166] were the most accurate when compared with 13 others for the database of Northern Germany [167] . Water retention PTFs developed for the Hungarian Plain [168] were applicable for the Caucasian Piedmont Plain. PTFs developed in Australia were more accurate for the Mississippi Delta as compared with other regional PTFs [169] . It remains to be seen how general this observation is. It may, however, become desirable to factor in the variation in predictions by different PTFs along with the uncertainty of an individual PTF while applying predictions in a modelling effort. Procedures to do that are yet to be developed. Using weighted-average predictions of several different PTFs instead of predictions of a single PTF may be a viable option [170] .
The majority of existing PTFs utilized the aggregate/ped scale data only, and lack any soil-structure-related information other than soil bulk density. Recent trends in PTF research however indicate attempts to expand methods and data collections to better link hydraulic properties to morphological properties. An earlier attempt to bring structural parameters from the horizon/pedon scale to improve predictions of soil hydraulic properties at the aggregate/ped scale was generally unsuccessful [82, 171] . More recently, however, Lilly et al. [84] showed that field collected qualitative type morphological indicators can be equally good predictors of some hydraulic properties as commonly used laboratory data are.
New approaches to PTF development are also needed to facilitate the use of new types and volumes of data. One such approach is the k-Nearest Neighbour technique that recently has shown to give excellent results in predicting soil moisture retention [172, 173] . The method is based on pattern-recognition and using similarities rather than on fitting equations to data, and is equally capable of handling qualitative and quantitative type inputs. While the cited studies limit estimations to using common PTF inputs, it is understood that this tool can help overcome geographic, climatic and other differences; even differences in land-use by being capable of dynamically disregarding groups of samples in a master database based on dissimilarities in input properties prior to any calculations. The technique essentially relies on the completeness of the potentially influential list of input parameters and factors and expects predicted properties being close if the inputs are close enough. Since soil structural properties are closely related to functional hydraulic parameters, including them in the list of PTF inputs may substantially improve the hydraulic parameter estimates.
It is quite possible that it is the absence of soil structural parameters in the list of common PTF inputs that causes the 'parochial' behaviour and applicability of today's PTFs, given the fact that soils with the same mineral composition and texture have quite different structure in different regions. Hydropedological studies can provide essential information to test this (plausible) hypothesis, and can also provide information much needed to develop effective PTFs for scales coarser than aggregate/ped. Hydropedology, coupled with recent developments in pedotransfer research, offers promising new horizons in describing functional soil behaviour at coarse scales.
Concurrent Use of Models
Reduction of conceptual uncertainty, or of the structural model error, in hydrologic modelling is one of the most important fields where hydropedology has a potential to make a difference. Hydrologic modelling remains plagued with structural model errors and strategies are needed to combat this source of imprecision and uncertainty in soil and water-related forecasts [174] . The oversimplified representation of natural soils in terms of homogeneity and isotropy in hydrologic models introduces uncontrollable errors. These errors can be mitigated if the statistics of flow pathways spatial structure and relative importance become available as a result of quantifying relationships between soil structure and soil hydrologic functioning. Advances in upscaling soil properties will not only allow to populate hydrologic models with reliable parameters but will also lead to designing soils with desirable properties [101, 175] and to creating realistic soil structure and hydrology realizations in computers as the synthetic media for testing various tools of soil-water measurement.
The complexity of flow and transport pathways at the specific site usually may be easily perceived, but it is often difficult to represent it in mathematical equations of the model without making strong simplifying assumptions [176] . This implies that several different models could be consistent with the available observations. Such multiplicity of models reflects the multiplicity of possible conceptual approaches to the representation of complex subsurface processes in a mathematical form tractable within limitations of existing computer and measurement technologies [177] . The difficulties in selecting the best from several non-linear models have been encountered in various fields of modelling. Eventually, modellers came to realize that simultaneous use of several models can be a beneficial alternative to the quest for the moving target of the best model.
One approach to take advantage of the concurrent use of several models is the multimodelling, which consists in assigning weights to the simulation results from different models and using the weighted averages of these results. Modelling of flow in variably saturated soils requires water retention and hydraulic conductivity parameters that are impractical to measure for large-scale projects. Climate predictions faced similar uncertainties in model selection in the 1980s. To deal with these uncertainties, multimodel prediction has emerged as a popular technique in climate prediction [178] . The objective of multimodel prediction is to reduce modelling errors by combining forecasts of various independent models [179] . Each model is assigned a specific weight with which the model's forecast results are included in the multimodel forecast. Multimodel prediction methods are now also being used in groundwater modelling (e.g. [180] ). Recently, the feasibility of applying multimodel simulations to water flow in the variably saturated soils zone was demonstrated [181] . However, multimodelling should not be a purely empirical/statistical exercise. The formal, technically correct assignment of weights does not substitute the explanation of the differences in performance of models included into multimodelling. The quality of description of a specific soil hydrologic function strongly depends on how and which soil structural features are described in a model. Hydropedology has great potential for explaining the differences between simulated and actual soil water regimes and providing the conceptual check on the model weighing.
Another direction of the concurrent use of models is model abstraction (MA), which is defined as a methodology for reducing the complexity of a simulation model while maintaining the validity of the simulation results with respect to the question that the simulation is being used to address [182, 183] . The need in MA addresses the concerns that the use of overly complex simulation models may cause an excessive burden of data collection and computations as well as difficulties in interpreting simulation results and conveying the simulation approach to both technical and lay audiences. The presumed risk of leaving some important process or feature out often leads the model users to employing relatively complex flow and transport models. However, many of the detailed features, events and processes represented in these complex models may have limited influence at a specific site.
A complex model may need abstraction for one or more of the following reasons: (a) the complex model includes a complex description of processes that cannot be observed well and yet need to be calibrated (the calibrated values of parameters of those processes are very uncertain); (b) the complex model propagates uncertainty in the initial distributions, parameters, and forcing in a manner that creates an unacceptable uncertainty of the key output; (c) the complex model produces inexplicable results in terms of the key output; (d) the complex model requires an unacceptable amount of resources for computations, data preprocessing, or data postprocessing, e.g. the complex model is not suitable to be used as part of a real-time modelling system that requires short computer runtimes; and (e) the complex model lacks transparency to be explicable and believable to the users of the key output [184] . The complex model simplification can go in many directions. Explicit analysis of soil and soil cover structures at a specific site can indicate the most appropriate ways to simplify the complex model without losing descriptions of critical phenomena.
Consilio et animis
The vision paper on hydropedology [93] [94] [95] proposes that hydropedology focuses on the interface between the hydrosphere and the pedosphere and emphasizes flow http://www.cababstractsplus.org/cabreviews and transport processes in field soils as they occur in the landscape. It is proposed to realign geology-rooted classical pedology with a hydrology-driven approach based on a landscape perspective, reflecting the crucial role of water in a wide array of issues. Indeed, both the solid knowledge base and the need in work in those directions exist and are expanding as new tools become available.
The parent disciplines of hydropedology (both hydrology and pedology) are expected to benefit from hydropedology developments. The need of simultaneous measurements of soil structure and soil hydrologic function should enrich the method base of both sciences. Interpretation and parameterization in both sciences will gain from extended knowledge bases. Wherever the two disciplines are called upon to contribute to decisionmaking or to an engineering design, hydropedologic interpretation can make the contribution more coherent, more constructive and weightier [101] .
Hydropedological research and knowledge may be applied to an amazingly wide range of societally important issues. Soil erosion prevention, water shortage mitigation, climate stress alleviation, improvement of ecological services of soils, assessing and sustaining soil quality and allaying pollution: all these activities rely on understanding and use of intricate relationship between soil and water.
Hydropedology is developing simultaneously in many countries. The Hydropedology Working Group of the International Union of Soil Sciences facilitates this development. The first international conference on hydropedology is about to occur. Hydrologic observatories plan and implement hydropedologic studies. Hydropedology emerges as the logical consequence of the progress in science and as the timely response to the society needs.
